Here we explored a novel ZnO nanorod array template-assisted electrodeposition route to synthesize large-scale single-walled polypyrrole (PPy) nanotube arrays (NTAs) and multi-walled MnO 2 /PPy/MnO 2 NTAs. The structures of nanotubes, such as external and inner diameters, wall thicknesses, and lengths, can be well controlled by adjusting the diameters and lengths of ZnO nanorods and deposition time. The synthesized hybrid MnO 2 /PPy/MnO 2 triple-walled nanotube arrays (TNTAs) as electrodes showed high supercapacitive perporties, excellent long-term cycling stability, and high energy and power densities. The PPy layers in MnO 2 /PPy/MnO 2 TNTAs provide reliable electrical connections to MnO 2 shells and uniquely serve as highly conductive cores to support the redox reactions in the active two-double MnO 2 shells with highly electrolytic accessible surface area. The fabricated multi-walled NTAs allow high efficient utilization of electrode materials with facilitated transports of ions and electrons. The outstanding performance makes MnO 2 /PPy/MnO 2 TNTAs promising candidates for supercapacitor electrodes.
H ollow nanotubes are attracting a great deal of attention because of their fundamental significance and potential applications in electric devices, sensors, and catalysis [1] [2] [3] [4] [5] . Various methods have been developed for the synthesis of nanotubes, such as high temperature evaporation 6 , colloidal growth 7 , hydrothermal synthesis 8, 9 , anodic oxidation [10] [11] [12] , and template-and surfactant-assisted growth tech-niques [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Recently, there is increasing interest in the template-assisted method because it has been used to synthesize various nanotubes composed of many types of materials, such as silica 25, 26 , metal oxides [27] [28] [29] , polymers 30, 31 , and biological macromolecules 32 . An important characteristic of template synthesis method is the ability to control the dimensions of nanotubes obtained 33 . For example, the outside diameters of nanotubes can be well determined by the diameters of pores in template, and the lengths can be well determined by the thickness of template.
However, up to now, the template-assisted method is still difficult to control the inside diameters of nanotubes [34] [35] [36] [37] . For some applications, precisely controlling the inside diameters is absolutely essential 38 . It is also highly difficult to realize the design and synthesis of multi-walled nanotubes by the template-assisted method. Recently, the multi-walled nanotubes have attracted much interest because of their special properties [39] [40] [41] . Based on the above considerations, here we set up a novel ZnO nanorod array template-assisted electrodeposition method for the design and synthesis of single-and multi-walled nanotube arrays (NTAs) because this method enables excellent control of NTAs. Here single-walled polypyrrole (PPy) NTAs and triple-walled MnO 2 /PPy/ MnO 2 NTAs as examples were successfully synthesized, and as electrodes they exhibited superior supercapacitive performance with excellent long-term cycle stability and high energy and power densities.
Results
The proposed synthetic pathway to single-walled nanotubes is illustrated in Figure 1a . In this study, ZnO nanorod arrays (NRAs) attached on conductive substrate are firstly synthesized and utilized as templates, and then the electropolymerization of polypyrrole (PPy) is carried out on the surfaces of ZnO NRAs to form ZnO/PPy coreshell NRAs. Finally, PPy NTAs are fabricated by etching ZnO from ZnO/PPy core-shell NRAs. This method shows following advantages: the wall thickness of PPy nanotubes can be well controlled by adjusting electropolymerization time as shown in Figure 1b , and the outside and inside diameters of nanotubes can be well controlled by adjusting the wall thickness and diameters of ZnO nanorod precursors as shown in Figures 1b and 1c .
The details of experimental procedures are described in Methods. SEM image of the prepared ZnO NRAs is shown in Figure 2a . The electropolymerization of PPy on the surfaces of ZnO NRAs was studied in supporting information (SI). ZnO@PPy core-shell NRAs were synthesized by electro-deposition of PPy on the surfaces of ZnO NRAs, and their SEM image is shown in Figure 2b , which shows ZnO nanorods have uniform PPy wraps. Furthermore, the PPy wraps favorably share the surfaces of ZnO NRAs, and no PPy is packed into the interspaces of ZnO nanorods, which suggests PPy is preferentially deposited on the surfaces of ZnO nanorods. The diameters of ZnO@PPy core-shell nanorods are ,500 nm, and the thicknesses of PPy layers are ,120 nm. PPy NTAs are fabricated by etching ZnO from ZnO@PPy core-shell NRAs in ammonia solution, and their SEM image is shown in Figure 2c . The outside and inside diameters of PPy nanotubes are ,500 and ,280 nm, respectively. TEM image of PPy nanotube is shown in Figure 2d , which further indicates the formation of PPy nanotubes. Herein, the inside diameter of PPy nanotube is well tunable by adjusting the size of ZnO nanorod template. SEM images of various PPy nanotubes with inside diameters of 200, 250, 300, and 400 nm are shown in Figure 3 . The wall thickness of PPy nanotube also can be well controlled by changing the electropolymerization time as shown in Figure S3 . When the electropolymerization time is 5, 15 30, and 45 min, the wall thicknesses of PPy nanotubes are about 19, 34, 69, and 120 nm, respectively. In addition, the lengths of PPy nanotubes is well tunable by adjusting the lengths of ZnO nanorods. The lengths of various PPy nanotubes shown in Figures S4a, S4b , S4c, and S4d are about 500 nm, 1.0 mm, 1.5 mm, and 2.0 mm, respectively. PPy NTAs were also characterized by XRD, FT-IR, Raman, and UV spectra, and these results demonstrated the successful synthesis of PPy NTAs as shown in SI.
MnO 2 has been considered to be one of the most attractive electrode materials for supercapacitors owing to its high theoretical specific capacitance, low cost, natural abundance, and environmental friendliness 42, 43 . Here MnO 2 /PPy/MnO 2 triple-walled nanotube arrays (TNTAs) is also designed and fabricated via the ZnO nanorods-assisted electrodeposition route, and the procedure is shown in Figure 4 . Firstly, ZnO NRAs attached on conductive substrate are prepared and utilized as templates. Secondly, the electrodeposition of PPy/MnO 2 NRAs, and MnO 2 /PPy/MnO 2 TNTAs are shown in Figures 5a, 5b, 5c, 5d and 5e, respectively. It is clearly observed that the MnO 2 /PPy/MnO 2 TNTAs have smooth surfaces and lengths of about 2 mm and separate from each other. Their diameters and wall thicknesses are about 700 nm and 250 nm, respectively. The highly void volume is clearly observed in MnO 2 /PPy/MnO 2 TNTAs, and it will provide a three-dimensional (3D) space for the mass transfer of reactant and resultant molecules or ions. A typical transmission electron microscopy (TEM) image in Figure 5f further demonstrate the MnO 2 /PPy/MnO 2 TNTAs were successfully fabricated, and they have homogeneous wall thickness of about 250 nm. The thicknesses of inner MnO 2 layer, middle PPy layer, and outer MnO 2 layer in nanotube walls are 65, 125, 60 nm, respectively. The inner and outer MnO 2 layers both are porous structures as shown in inset in Figure 5f , which will provide a large surface area and fast ion diffusion.
XPS spectra of MnO 2 /PPy/MnO 2 TNTAs in the energy regions of Mn2p and O1s are shown in Figures S6(a) and S6(b), respectively. In Figure S6 (a), the detected two peaks at the binding energies of 641.9 eV and 653.1 eV can be attributed to Mn 2p 3/2 and Mn 2p 1/2 , respectively, indicating that the element Mn in the sample is present in the chemical state of Mn(IV) 37 . The O1s spectrum in Figure S6 (b) demonstrates the existence of O. So the above XPS results demonstrate that the MnO 2 exists in the products. FT-IR spectrum of MnO 2 /PPy/MnO 2 TNTAs is shown in Figure S7 , and it demonstrates the existence of PPy in the products. XRD pattern of the prepared MnO 2 /PPy/MnO 2 TNTAs is shown in Figure S8 Figure S10 , which shows MnO 2 /PPy/MnO 2 TNTAs have higher conductivity than MnO 2 NTAs, demonstrating the role of middle PPy layers for conductivity enhancement of electrodes.
Discussion
The supercapacitive performances of PPy NTAs were studied by means of cyclic voltammetry (CV). Figure 6a (1) shows CV curve of PPy NTAs in 1.0 M H 2 SO 4 solution at 1.0 mV/s. The nearly rectangular shape is exhibited in CV curve, indicating the symmetric current-potential characterisics and good supercapacitive properties. The specific capacitance (Csp) of PPy NTAs is calculated to be about 350 F/g at 1.0 mV/s. For PPy bulk film electrode, the C sp is calculated to be only about 42 F/g at the same scan rate, which is much smaller than that of PPy NTAs. The high C sp of PPy NTAs can be attributed to the large surface area and special nanotube array structures. The dependence of C sp on scan rate is shown in Figure 6b , which shows C sp of PPy is much larger than bulk PPy film at all scan rates. The C sp vs. wall thickness of PPy NTAs is shown in Figure 6c , and the length effect of PPy nanotubes on capacitive performances is shown in Figure S11 . Figure 6d shows Ragone plots (power density vs energy density) of PPy NTAs and bulk films. The PPy NTAs delivered a high energy density of ,17 Wh/kg at a power density of ,5.8 kW/kg, much superior to PPy bulk films.
To compare with PPy NTAs, the supercapacitive properties of MnO 2 /PPy/MnO 2 TNTAs is also studied. Figure 7a shows cyclic voltammograms (CVs) of MnO 2 /PPy/MnO 2 TNTAs with potential window ranging from 20.3 to 0.3 V vs SCE at different scan rates, and the quasi-rectangular shapes are exhibited in all CV curves, indicating the symmetric current-potential characteristics and well supercapacitive properties. The C sp of MnO 2 /PPy/MnO 2 TNTAs at 5 mV/s is calculated about 379 F/g, which is larger than 277 F/g of MnO 2 NTAs and 250 F/g of PPy NTAs at the same scan rate, and is also larger than some C sp values reported for MnO 2 and PPy samples [44] [45] [46] . The enhancement of C sp of MnO 2 /PPy/MnO 2 TNTAs can be attributed to the co-contributions of supercapacitive PPy and MnO 2 , ordered NTAs architecture, high conductivity of PPy layers, and porous double-layered MnO 2 layers. The dependence of C sp on scan rate is shown in Figure S12 , which shows a C sp decay of ,37%
for MnO 2 /PPy/MnO 2 TNTAs with scan rate increasing from 5 to 250 mV/s. Even at a scan rate as high as 250 mV/s, the C sp of MnO 2 / PPy/MnO 2 TNTAs still achieve a high value as large as 238 F/g. However, MnO 2 NTAs show a C sp decay of 64% and 99 F/g at 250 mV/s. PPy NTAs show a C sp decay of 65% and 89 F/g at 250 mV/s. The above results indicate MnO 2 /PPy/MnO 2 TNTAs have a much better rate capability and much larger C sp than MnO 2 NTAs and PPy NTAs at all scan rates as shown in Figure S12 .
Excellent cycling stability is crucial for electrochemical capacitor (EC) operations. The C sp variation of MnO 2 /PPy/MnO 2 TNTAs as a function of cycle number at a scan rate of 10 mV/s is shown in Figure 7b, which shows a small decrease of about 7.8% in C sp up to 1000 cycles. As revealed from the above data, the MnO 2 /PPy/MnO 2 TNTAs almost can withstand over 1000 cycles at 10 mV/s without any significant decrease in C sp . In addition, the electrolyte solution still remains transparent after the cycling test, indicating almost no dissolution of electrode material into the solution. The PPy NTAs show a C sp decay of about 18.6% after 1000 cycles, which is more serious than that of MnO 2 /PPy/MnO 2 TNTAs. However, for MnO 2 NTAs, the C sp decay is about 52.8% after 1000 cycles, which is much more serious than that of MnO 2 /PPy/MnO 2 TNTAs and PPy NTAs. Therefore, the above results demonstrate that the MnO 2 /PPy/MnO 2 TNTAs, as active electrode materials, are much higher stability than PPy NTAs and MnO 2 NTAs during long-term cycling test. The combination of MnO 2 and PPy into a unique TNTA morphology not only enhance C sp but also improve the long-term stability compared with MnO 2 nanotube arrays and PPy nanotube arrays.
The high C sp and excellent long-term cycle stability show such design of MnO 2 /PPy/MnO 2 TNTAs allow to maximize the electrochemical performances of electrode. The MnO 2 /PPy/MnO 2 TNTAs show following advantages as EC electrodes: (i) the 3D TNTAs with the anisotropic morphology, large surface area and hollow nanostructures create efficient diffusion paths for electrolyte ions, which would significantly accelerate intercalation of ions and, accordingly, enhance utilization rate of electrode materials as shown in Figure 7e. (ii) the conductive networks in electrode are well-built since the MnO 2 shells are attached tightly on PPy layers that have high electrical conductivity and the TNTAs have an excellent electrical contact with the current collector, and accordingly the utilization rate of electrode material is largely enhanced by decreasing the ohmic resistivity of electrode because of the existence of polarization. Figure 7b , so the PPy layers in MnO 2 /PPy/MnO 2 TNTAs can be considered as the skeleton layers with high stability to maintain the structural integrity of TNTAs during long-term cycles. After 1000 cycles, the surface morphology of MnO 2 /PPy/MnO 2 TNTAs is still kept well as shown in Figure S13 . (b) the combination of PPy and MnO 2 leads to MnO 2 / PPy/MnO 2 TNTAs have much higher C sp than the individual PPy and MnO 2 NTAs because of their co-contributions to C sp as shown in Figure 7b . Based on the above analyse, therefore, the integrated smart TNTA architectures combining with the synergistic effects of PPy and MnO 2 promote the MnO 2 /PPy/MnO 2 TNTAs to have high C sp and excellent long-term cycle stability.
Herein, the advantages of MnO 2 /PPy/MnO 2 TNTAs as electrodes for ECs were further investigated. The cycling performance of MnO 2 /PPy/MnO 2 TNTAs at progressively increased and decreased scan rates were recorded, and they are shown in Figure 7c . After the electrode material suffered from sudden scan rate change, the fabricated MnO 2 /PPy/MnO 2 TNTAs still show high cycle stabilities at various scan rates. The above results further demonstrate that the fabricated MnO 2 /PPy/MnO 2 TNTAs can satisfy the requirements of both long-term cycle lifetime and good rate capability, which are highly important for use in the practical energy storage devices. In addition, the energy and power densities are important parameters for the investigation of electrochemical performance of the electrochemical cells. Herein, the Ragone plot (power density vs energy density) of MnO 2 /PPy/MnO 2 TNTAs at various scan rates is shown in Figure 7d , which shows the MnO 2 /PPy/MnO 2 TNTAs deliver a high energy density of ,25 Wh/kg at a high power density of ,37 kW/kg. The power density of MnO 2 /PPy/MnO 2 TNTAs ranges from 2.0 to 37.4 kW/kg, and the energy density ranges from 25 to 68 Wh/kg with scan rate changing from 5 to 250 mV/s. These values are much higher than those of the conventional ECs 39 . Here the highest power density, 37.4 kW/kg, can adequately meet power demands of the PNGV (Partnership for a New Generation of Vehicles), 15 kW/kg, demonstrating the excellent capability of MnO 2 /PPy/MnO 2 TNTAs for ECs as power supply components in hybrid vehicle systems. The above results suggest the MnO 2 /PPy/ MnO 2 TNTAs are a promising electrode material for ECs.
In summary, a novel ZnO nanorod template-assisted electrodeposition route for the synthesis of single-and multi-walled NTAs with controllable structures was reported. The inside and outside diameters, wall thicknesses, and lengths of nanotubes can be well controlled. The fabricated multi-walled NTAs allow high efficient utilization of electrode materials for electrochemical energy storage with facilitated transports of ions and electrons, and they showed predominant electrochemical performance, such as high C sp , excellent long-term cycle stability, and high energy and power densities. The multi-walled nanostructures, orderly pore passages, hollow nanostructures, together with synergistic effects of different pesudocapacitive materials are mainly responsible for prominently enhanced electrochemical performance of multi-walled NTAs. The reported design concepts of electrode materials also can be utilized to other inorganic/organic hybrid materials, such as NiO, Co 3 O 4 , V 2 O 5 , and polyaniline, to build the multifunctional hybrid nano-/microstructures, which will be promising for a large spectrum of device applications.
Methods
Electrodeposition of ZnO nanorod precursors was performed with a HDV-7C transistor potentiostatic apparatus that connected with a simple three-electrode cell. Electrodeposition of PPy was performed with a DJS-209B potentiostatic apparatus connected with a simple three electrode cell. The graphite electrode was used as a counter electrode (spectral grade, 1.8 cm 2 ). The saturated calomel electrode (SCE) was used as the reference electrode that was connected to the cell with a double salt bridge system. The Ti plates (99.99 wt%, 1.5 cm 2 ) were used as the substrate for electropolymerization, and they are prepared complying the following steps before each experiment: firstly polished by SiC abrasive paper from 300 to 800 grits, then dipped in HCl solution (5%) for 5 min and rinsed with acetone in ultrasonic bath for 5 min, and finally washed by distilled water. 2 for 30 min at 70uC using HDV-7C transistor potentiostatic apparatus, and the ZnO/MnO 2 /PPy/MnO 2 four-layered hybrid NRAs were obtained. Finally, the ZnO/MnO 2 /PPy/MnO 2 four-layered hybrid NRAs were put into 25% ammonia water for 2 h to remove ZnO NRAs, and accordingly the inorganic/organic hybrid MnO2/PPy/MnO2 TNTAs were successfully fabricated.
Characterization of samples. The surface morphologies and structures of the fabricated samples were examined by using field emission environment scanning electron microscope (SEM, Quanta 400) and transmission electron microscopy (TEM, JEOL JEM-2010HR; accelerating voltage: 200 kV). The fabricated samples were also characterized by energy-dispersive X-ray spectroscopy (EDS, INCA 300) to www.nature.com/scientificreports determine the deposit compositions. The structures of fabricated samples were analyzed by X-ray diffraction (XRD, PIGAKU, D/MAX 2200 VPC). Chemical-state analysis of samples was carried out by X-ray photoelectron spectroscopy (XPS) using an ESCALAB 250 X-ray photo-electron spectrometer. All XPS spectra were corrected using the C 1s line at 284.6 eV. Curve fitting and background subtraction were accomplished. The samples were also characterized by infrared ray spectrometer (FT-IR, Nicolet 330). Raman scattering spectra were recorded with a Renishaw System 2000 spectrometer using the 514 nm line of Ar for excitation. The electrochemical properties of PPy NTAs (1.71 mg) and MnO 2 /PPy/MnO 2 TNTAs (0.31 mg) were studied by a CHI760D electrochemical workstation by cyclic voltammetry at room temperature. The cyclic voltammetry experiments were performed at a scan rate of 1,250 mV/s.
